Successful gene therapy depends on stable transduction of hematopoietic stem cells. Target 
blocks activity of CDK2͞cyclin A and CDK2͞cyclin E, complexes that are mandatory for cell-cycle progression. Antibody neutralization of ␤ transforming growth factor (TGF␤) in serum-free medium decreased levels of p15 INK4B and increased colony formation and retroviral-mediated transduction of primary human CD34 ؉ cells. Although TGF␤ neutralization increased colony formation from more primitive, noncycling hematopoietic progenitors, no increase in M-phase-dependent, retroviral-mediated transduction was observed. Transduction of the primitive cells was augmented by culture in the presence of antisense oligonucleotides to p27 kip-1 coupled with TGF␤-neutralizing antibodies. The transduced cells engrafted immune-deficient mice with no alteration in human hematopoietic lineage development. We conclude that neutralization of TGF␤, plus reduction in levels of the cyclin-dependent kinase inhibitor p27, allows transduction of primitive and quiescent hematopoietic progenitor populations.
To achieve durable gene therapy for diseases affecting blood cells, corrective DNA must be introduced into pluripotent human hematopoietic stem cells (HSC). Moloney murine leukemia virus-based retroviral vectors are currently the safest and most effective vehicles for transfer of DNA into target cells with stable integration (1) (2) (3) . However, transduction of HSC is thwarted by the fact that these vectors require target cell mitosis (4) , and most stem cells are in the G 0 ͞G 1 -phase of the cell cycle (5) (6) (7) (8) . Since the external factors that recruit HSC into cycle have not yet been identified, we hypothesized that a reduction in the levels of internal cell-cycle inhibitors could release HSC from quiescence to allow retroviral-mediated transduction.
Cell-cycle entry depends on the sequential formation and activation of the cyclin-dependent kinase (CDK)͞cyclin complexes CDK4͞cyclin D, CDK2͞cyclin E, and CDK2͞cyclin A (9, 10) . The assembly and activity of CDK͞cyclin complexes are regulated by the cyclin-dependent kinase inhibitors (CKI). The CKI p15 INK4B is induced by TGF␤ (11, 12) and binds to CDK4 to prevent its association with cyclin D (12) . Since CDK4͞cyclin D activity is mandatory for the G 1 -to S-phase transition, TGF␤-mediated induction of p15 causes cell-cycle arrest. A second CKI, p27 kip-1 , has been shown to be elevated in quiescent fibroblasts (13) . Unlike p15, which binds CDK4 and CDK6 monomers, p27 binds to CDK͞cyclin complexes (14) . At low levels, p27 binds to CDK4͞cyclin D without altering its kinase activity (14, 15) . At high levels, p27 binds to and inactivates CDK4͞cyclin D and CDK2͞cyclin E complexes, leaving the retinoblastoma protein in a hypophosphorylated state, preventing cell-cycle progression (16) . p27 also acts through CDK2͞cyclin E to negatively regulate cyclin A expression (17) . Synthesis of cyclin A and activation of the CDK2͞cyclin A complex are essential for S-phase progression (18) .
In an attempt to stimulate quiescent human hematopoietic cells to enter the cell cycle, we modulated levels of the CKI p15 INK4B and p27 kip-1 . Reduction of TGF␤ levels by addition of neutralizing antibody (Ab) to the culture medium resulted in dramatic decreases in the levels of p15 in primary human CD34 ϩ hematopoietic progenitors, with a concomitant increase in the levels of colony formation and M-phasedependent retroviral transduction. However, the most primitive cells within the CD34 ϩ population [CD34 ϩ ͞38 Ϫ and 4-hydroperoxycyclophosphamide (4-HC)-resistant CD34 ϩ cells] did not enter the cell cycle when TGF␤ was neutralized. These data indicated that there were additional factors holding the most primitive cells in the G 0 ͞G 1 -phase of the cell cycle.
Serum withdrawal and cell-to-cell contact elevate p27 levels and cause quiescence in fibroblasts (14) (15) (16) (17) (18) , but the mechanisms regulating p27 expression and activity are unknown in hematopoietic cells. Cytokine addition, modulation of serum content, and loss of contact do not release HSC from quiescence. We report here that a reduction in p27 levels after treatment with antisense oligonucleotides (ONs), together with neutralization of TGF␤, promoted cell-cycle progression in quiescent human hematopoietic progenitors without inducing differentiation. The entry of a portion of the cells into S phase was evidenced by induction of cyclin A and Ki67 expression, and increased levels of M-phase-dependent, retroviral-mediated gene transfer were documented in vitro and after long-term engraftment in immunedeficient mice.
MATERIALS AND METHODS

Transduction of Human Hematopoietic Cells. CD34
ϩ progenitors were isolated from normal human bone marrow by immu-nomagnetic selection, as described (19) . Use of the samples was approved by the Childrens Hospital Los Angeles Committee for Clinical Investigation. Elimination of cycling cells by 4-HC treatment was performed, as previously published (20) . CD34 ϩ ͞38 Ϫ cells were isolated from human marrow by preenrichment of CD34 ϩ cells by using Miltenyi columns (Miltenyi Biotec, Auburn, CA), followed by fluorescence-activated cell sorter acquisition by using a stringent gate, as described (5) . Cells were cultured in serum-containing (2) or serum-free medium (Ex-Vivo 15, BioWhittaker) with the cytokines interleukin (IL)-6, stem cell factor (SCF), IL-3, and Flt3 ligand (FL), all used at 10-50 ng͞ml, from BioSource International (Camarillo, CA). Supernatant from the LN retroviral vector, packaged in the producer cell line PG13 (21) and collected as described (22) , was added to cells on the COOH-terminal domain of fibronectin [Retronectin, Takara Shuzo, Otsu, Japan (23)], with and without addition of neutralizing Ab to TGF␤ (panspecific rabbit anti-human, R & D Systems) used at a final concentration of 5 g͞ml. C-5 propynemodified phosphorothioate ONs synthesized by Operon Technologies (Alameda, CA) were used at a final concentration of 50 M in serum-free medium (Ex-Vivo 15). The sequence for the antisense ON (anti-p27) was 5Ј-qgC GUC UGC UCC AcagF-3Ј (F indicates fluorescein), and the scrambled, or missense ON was 5Ј-qgC AUC CCC UGU Gca gF-3Ј, as described previously (24) .
Mice. In some experiments, after the designated transduction period, cells were washed and transplanted as described (19, 25) into immune-deficient beige͞nude͞xid mice bred at Childrens Hospital Los Angeles. Mice were killed by CO 2 asphyxiation 12 mo after transplantation and marrow and tissues were collected and analyzed, as previously published (19, 25) .
Assay for Transduction of Clonogenic Progenitors. After the transduction period, cells were washed twice and plated in methylcellulose-based medium to assess colony formation with and without the selective agent G418 [Geneticin, 0.9 mg͞ml active (Life Technologies, Grand Island, NY)], as described (19) . Colonies were enumerated on day 21, then clones that had attained a size of at least 200 cells in the presence of G418 were plucked from the methylcellulose and DNA was isolated as described (2, 25) .
Human-specific colony-forming unit (CFU) plating and cloning of individual human T cells and myeloid progenitors was done from the marrow of long-term engrafted immune-deficient mice, as described (25) . Genomic DNA was extracted from individual colonies and clones and was analyzed for the presence of the LN provirus by PCR for the neomycin (neo) gene (19) . After confirmation of vector integration, the clonal integration pattern was assessed by subjecting DNA from each colony to amplification in an inverse PCR reaction, as described (2, 25) .
Immunoblotting. Cells (100,000 or 500,000) were incubated Ϯanti-TGF␤ and ON for the indicated times at 37°C, with 5% CO 2 . Pelleted cells were then lysed on ice for 10 min (50 mM Tris⅐HCl, pH 7.4͞250 mM NaCl͞2 mM EDTA͞2 g͞ml aprotinin͞1 mM phenylmethylsulfonyl fluoride͞1 mM NaF͞0.5 g͞ml leupeptin͞1% Nonidet P-40). The cleared lysates were boiled in SDS sample buffer at 95°C and electrophoresed on SDS͞10% or 12% polyacrylamide gels, then transferred onto Hybond membranes (Amersham). Immunoblotting was done as described (26) by using Abs to p15 (K-18), p27 (M-197 or F-8), and cyclin A (H-432) from Santa Cruz Biotechnology. Membranes were stripped in 0.1 M glycine (pH 2.5) and reprobed with an anti-actin Ab (I-19) as a loading control.
Immunohistochemistry. After incubation with anti-TGF␤ Ab and͞or antisense ON to p27 for 18 hr, 4-HC-resistant CD34 ϩ cells were centrifuged onto charged glass slides. Slides were fixed in acetone, then blocked for 15 min at room temperature with Qualex reagent (BioGenex͞ABN). The mAb to Ki67 (Immunotech, Marseille, France) was introduced onto the slides at a 1:1,000 dilution in Qualex, then incubated at 25°C for 15 min. The SuperSensitive StreptAvigen Kit with fast red chromogen was used for detection (BioGenex͞ABN). 
RESULTS AND DISCUSSION
Neutralization of TGF␤ Reduces Levels of the CKI p15 and Causes an Increase in Hematopoietic Colony Formation. TGF␤ has been demonstrated to inhibit division of hematopoietic progenitors (27) (28) (29) . The molecular mechanisms by which TGF␤ inhibits cell-cycle progression have been reported for fibroblastic cells (12-13) but have not yet been determined for primary human hematopoietic progenitors. To define the impact of TGF␤ at both the cellular and molecular levels, CD34 ϩ cells isolated from eight different normal human bone marrow samples were used. Cells were first transduced with supernatant from the PG13͞LN packaging cell line, in serum-free medium on fibronectin (FN) (30) (31) (32) in the presence or absence of a TGF␤-neutralizing Ab. After transduction, cells were washed twice and plated for colony formation with or without G418, which selects for the presence of the neomycin-resistance (neo) gene carried by the LN vector. Addition of anti-TGF␤ Ab resulted in statistically significant increases in both total and G418-resistant colony formation. The number of total colonies that grew from 3,000 cells was 770 Ϯ 51 with addition of anti-TGF␤ Ab and 526 Ϯ 41 without addition (n ϭ 8, P Ͻ 0.05). The number of colonies that grew in G418 was 311 Ϯ 29 with anti-TGF␤ Ab and 133 Ϯ 13 without addition (n ϭ 8, P Ͻ 0.05). Therefore, the extent of transduction was increased from 25 Ϯ 7% to 40 Ϯ 3% by addition of anti-TGF␤ Ab (P Ͻ 0.05).
Western blot analyses were done at different time points to assess the effect of addition and neutralization of TGF␤ on levels of the CKI p15 in primary human bone-marrow-derived CD34 ϩ cells. The levels of p15 were not significantly elevated by addition of TGF␤, suggesting that the induction of p15 by the levels of TGF␤ present in the medium was already maximal (Fig. 1 ). In contrast, 12 hr after incubation with neutralizing Ab to TGF␤, levels of p15 protein were undetectable by Western blotting (Fig. 1) . Levels of ␤-actin (not shown) and the mitogen-activated protein kinase protein ERK2 ( Fig. 1) were unchanged, indicating that there were equivalent levels of protein in all lanes and no nonspecific toxicity to the cells.
Next, the effects of TGF␤ neutralization were examined in a more primitive hematopoietic progenitor population, 4-HCresistant CD34 100% negative for immunohistochemical staining with an antiKi67 mAb, demonstrating that they were in the G 0 -phase of the cell cycle (6). 4-HC-resistant CD34 ϩ cells from eight marrow donors were transduced in medium containing IL-3, IL-6, SCF, and FL. All transductions were done on FN in serum-free medium, with and without addition of anti-TGF␤ Ab. Supernatant from the PG13͞LN cell line was added after a 12-hr preincubation. Twelve hours later, cells were collected, and colony-forming assays were plated with and without G418. In all cases, there was a significant increase in colony formation from 10,000 cells when anti-TGF␤ Ab was added (190 Ϯ 21 vs. 85 Ϯ 14 without addition, n ϭ 8, P Ͻ 0.05). However, transfer of the neo gene into 4-HC-resistant CD34 ϩ progenitors was not significantly increased by neutralization of TGF␤, in contrast to the results obtained with the total CD34 ϩ cell populations. Accordant with these data, there was no increase in the percentage of cells that were positive for immunohistochemical staining with an anti-Ki67 Ab 18 hr after addition of anti-TGF␤ Ab, confirming that the cells had not yet exited the G 0 -phase of the cell cycle (Fig.  2B) .
We had determined that reduction in extracellular TGF␤ levels by incubation with anti-TGF␤ Abs significantly reduced the levels of the p15 inhibitor in CD34 ϩ cells (Fig. 1) . However, neutralization of TGF␤ was insufficient to allow exit of 4-HC-resistant CD34 ϩ cells from G 0 during the period of exposure to the vector, as detected by a lack of retroviral-mediated transduction. An absence of expression of the protein Ki67, which is induced on entry from G 0 -to G 1 -phase, confirmed this observation (Fig. 2B ). These data indicated that another intracellular protein could be inhibiting cell-cycle entry in the more primitive 4-HC-resistant CD34 ϩ cells. A candidate for the second inhibitor was the protein p27 kip-1 , which had been shown previously to be elevated in quiescent fibroblasts (14, 18) .
To investigate the importance of p27 in maintaining the quiescence of 4-HC-resistant CD34 ϩ cells, we chose to reduce its levels using an antisense ON. A C-5 propyne-modified phosphorothioate 16-mer was used, with a missense control ON that bore the same modifications (24), chosen to increase stability (35) . A fluorescein tag was added to the 3Ј end of both ONs to facilitate tracking into the cell. We determined that the optimal method for achieving entry of the ON into primary hematopoietic progenitors was to use a concentration of 50 M, without the use of lipofectants. This method resulted in specific reduction of p27 levels without affecting other pathways, such as mitogen-activated protein kinase phosphorylation in response to cytokines (data not shown). After an 18-hr incubation with the anti-p27 ON, CD34 ϩ cells showed high levels of fluorescence. To verify that the ON had entered the cytoplasm, rather than just being bound to the membrane, cells were incubated for a total of 24 hr with the ON, with samples taken each 6 hr for analysis. Each sample was soaked for one additional hour in DNase plus RNase to destroy surface ON, then cells were subjected to fluorescence-activated cell sorter analysis. An average of 68% of the cells had incorporated ON at the 12-and 18-hr time points. By 24 hr, the average number of cells that were positive for incorporation of the ON had decreased to 23% (data not shown).
The effects of antisense p27 ON incorporation on colony formation from human hematopoietic cells was tested. CD34 ϩ progenitors from bone marrow were incubated for 16 hr in serum-free medium in the presence of antisense p27 or missense ON vs. no treatment. After the incubation period, cells were washed, counted, and plated for colony formation. Addition of the missense ON did not significantly alter the extent of CFU production (1,270 Ϯ 421 CFU grew from 10,000 missense-treated cells vs. 1,172 Ϯ 499 untreated, n ϭ 8, P Ͼ 0.05). However, there was a significant increase in the number of colonies obtained from marrow-derived CD34 ϩ cells incubated for 16 hr with the anti-p27 ON (2,007 Ϯ 735 CFU, n ϭ 8, P Ͻ 0.05 for anti-p27 vs. missense and untreated).
The effect of the anti-p27 ON on proliferation of 4-HCresistant CD34 ϩ cells from human marrow was examined next. 4-HC-resistant CD34 ϩ cells were incubated Ϯanti-TGF␤ Ab, Ϯantisense ON to p27 for 18 hr, then tested for levels of p27 protein by immunoblotting and for levels of the Ki67 protein by immunohistochemistry. Addition of antisense ONs to p27 caused a specific decrease in p27 levels (Fig. 2 A, lanes 3 and 4) , without nonspecific reductions in protein levels, as demonstrated by rehybridizing the blot with an anti-actin Ab (Fig. 2 A, Lower) .
After incubation of 4-HC-resistant CD34 ϩ cells for 18 hr in serum-free medium with both anti-TGF␤-neutralizing Ab and anti-p27 ON, Ki67 staining demonstrated that an average of 11.2 Ϯ 3.7% of the 4-HC-resistant CD34 ϩ cells had exited the G 0 -phase of the cell cycle ( Fig. 2B; n ϭ 4) . CD34 ϩ cells (4-HC resistant) incubated with anti-TGF␤-neutralizing Ab alone lacked detectable Ki67 expression (Fig. 2B) .
Next, the ability of 4-HC-resistant CD34 ϩ cells to be transduced was assessed after 12-hr preincubation on FN, in serum-free medium, Ϯanti-TGF␤ Ab, with addition of missense, anti-p27, or no ON. After the preincubation period, an equal volume of PG13͞LN supernatant was added, and incubation was continued for another 12 hr. Then, cells were plated in colony-forming assay with and without G418. Addition of anti-p27 ON significantly increased total CFU production both Proc. Natl. Acad. Sci. USA 95 (1998) in the presence and in the absence of anti-TGF␤ Ab, while the missense ON had no effect (Fig. 3) . Transduction of a small percentage (7.4 Ϯ 2.1%, n ϭ 8) of the 4-HC-resistant CD34 ϩ cells was achieved only in the presence of both anti-TGF␤ Ab and anti-p27 ON, but not with anti-TGF␤ Ab alone (Fig. 3) . The effects of inhibitor neutralization on the 4-HC-resistant cells might have been minimized by trace amounts of the drug still present in cells that were then induced to cycle within 24 hr. Therefore, the effects of TGF␤ and p27 neutralization on CD34 ϩ ͞38 Ϫ cells, which are quiescent, noncycling progenitors (5-8), was examined next. We had previously shown that this primitive progenitor population engrafts immune-deficient mice to the same extent as a comparable number of CD34 ϩ cells but is relatively refractory to retroviral-mediated transduction (36) . Transduction in the optimized serum-free medium containing cytokines, anti-p27 ON, and anti-TGF␤-neutralizing Ab was compared with a standard transduction medium containing 25% fetal calf serum and cytokines (19) . It had been determined previously that the latter medium resulted in poor transduction of CD34 ϩ ͞38 Ϫ cells (36) . CD34 ϩ ͞38
Ϫ cells from four normal donors were incubated for 16 hr Ϯ anti-TGF␤ Ab and Ϯmissense or anti-p27 ON, followed by addition of PG13͞LN supernatant for an additional 12 hr. Cells were then washed twice and plated in colony-forming assay. Without neutralization of TGF␤ and p27, very few colonies developed within 21 days, and there was no evidence of transduction, indicating a lack of entry of the cells into mitosis. Formation of colonies within a 3-week period and growth of G418-resistant CFU from the CD34 ϩ ͞38
Ϫ cells was achieved only after transduction in the medium containing both anti-TGF␤ Ab and anti-p27 ON (25.5 Ϯ 5.7% total colonies, vs. 3.8 Ϯ 3.2% from cells transduced in the standard medium, n ϭ 4, P ϭ 0.006). The extent of transduction was increased from zero to 24% by transduction in the optimized medium containing both anti-p27 ON and anti-TGF␤ Ab.
Each colony that had grown in the selective agent G418 was confirmed to contain the LN vector by PCR for the neo gene. To verify that individual, primitive stem, and progenitor cells had been recruited into cell cycle to allow retroviral entry and integration, each colony was subjected to inverse PCR to determine the clonal integration pattern (2, 25) . The inverse PCR technique identified a unique pattern for each colony (data not shown), indicating that multiple CD34 ϩ ͞38 Ϫ cells had been stimulated into cell cycle by the use of anti-TGF␤-neutralizing Ab coupled with anti-p27 ON. These results indicated that causing a reduction in levels of the CKI p27 while neutralizing TGF␤ leads to cell-cycle induction and an increase in the extent of M-phase-dependent, retroviralmediated transduction of quiescent progenitors.
To show further that anti-TGF␤-neutralizing Ab and antisense ON to p27 induced cell-cycle entry, we examined cyclin A levels. Cyclin A is induced at the G 1 -to S-phase transition (17, 18) . Immunoblot analyses were performed on CD34 ϩ cells from human bone marrow, treated with anti-TGF␤ alone, anti-p27 ON alone, or the combination of both anti-TGF␤ and anti-p27 ON. Either anti-TGF␤ Ab or anti-p27 ON used alone slightly increased levels of cyclin A protein, but the combination of both anti-TGF␤ Ab and anti-p27 ON led to the most significant increase in cyclin A levels (Fig. 4) . The induction of cyclin A by the combination of anti-TGF␤ Ab and anti-p27 ON correlated with the increase in the number of cells that stained with the Ki67 Ab (Fig. 2) , and the increase in retroviralmediated transduction of quiescent cells (Fig. 3) .
To determine whether hastening induction of cell cycle by reducing p27 levels and neutralizing TGF␤ altered the capacity of the cells to engraft and sustain multilineage differentiation, we used an immune-deficient mouse xenograft system. CD34 ϩ cells from normal human marrow were precultured on FN in serumfree medium with cytokines alone (IL-3, IL-6, SCF, and FL) vs. cytokines, anti-TGF␤ Ab, and anti-p27 ON for 12 hr. Then an equal volume of LN vector-containing supernatant was added to the cultures for an additional 12 hr. At the end of the transduction period, the cells from each arm of the experiment were collected, washed twice, and transplanted into groups of beige͞nude͞xid mice (n ϭ 5), as described (19, 25, 36) . One mouse died early from causes unrelated to the transplant. The other mice were killed 12 mo after transplantation, and marrow and tissues were analyzed for levels of human hematopoietic cell engraftment and retroviral marking. There was no significant alteration in the level of human cell engraftment or lineage development between cells cultured in the two conditions (Table 1 ). These data indicate that accelerating cell cycle through neutralizing TGF␤ and reducing p27 levels during the 24-hr ex vivo culture period before transplantation did not induce significant differentiation of the most primitive, engrafting cells within the treated CD34 ϩ population.
To determine whether transduction of primitive, engrafting hematopoietic cells had been achieved, bone marrow samples from each mouse were analyzed by PCR for the neo gene carried by the LN vector. There were no cells marked with the neo gene in the marrow of mice that had received cells transduced in medium with cytokines alone. These data indi -FIG. 3 . Addition of anti-TGF␤ and antisense ON to p27 kip-1 increased both total and G418-resistant CFU production from 4-HC-resistant CD34 ϩ cells. Cells were incubated for 12 hr in serum-free medium with cytokines on FN, with and without anti-TGF␤ Ab, and with and without addition of missense or anti-p27 ON. After the preincubation period, supernatant from the PG13͞LN cell line was added, and the cells were incubated for an additional 12 hr. A colony-forming assay was plated ϮG418, and CFU were counted on day 21. The average of eight experiments is shown. cate that the long-term engrafting cells within the CD34 ϩ progenitor population were not stimulated by cytokines alone to enter cell cycle within the 24-hr period, to allow M-phasedependent transduction by the retroviral vector LN. These findings were not surprising, since previous reports had shown that the majority of primitive hematopoietic stem and progenitor cells are not readily cytokine responsive and few begin to cycle until at least 48 hr after stimulation (5, 7, 8, 36) . In contrast, all mice transplanted with cells prestimulated for 12 hr on FN in serum-free medium with anti-TGF␤ Ab and anti-p27 ON, then exposed to a 12-hr pulse of retroviral supernatant had cells marked by the neo gene in their marrow. Inverse PCR analysis of each marrow sample determined that at least six to eight individual, transduced human progenitor cells were contributing to hematopoiesis in the mice. To quantitate further the level of retroviral marking, humanspecific CFU assays were done with and without the selective agent G418. An average of 54 Ϯ 32 human colonies grew from mice that had received human CD34 ϩ cells transduced with cytokines alone. There were no G418-resistant CFU that grew from those mice. Mice that had been transplanted with human CD34 ϩ cells transduced in the presence of cytokines, anti-TGF␤, and anti-p27 ON had an average of 30.7 Ϯ 12.8 G418-R CFU out of 88.7 Ϯ 31.2 total, with an average transduction level of 30.6 Ϯ 5.8%. These data indicate that through the use of anti-TGF␤ Ab and anti-p27 ON to accelerate cell-cycle entry, a significant number of primitive, reconstituting cells were transduced by M-phase-dependent retroviral vectors within a 24-hr period, whereas through the use of cytokines alone, no primitive cells were transduced in the same period of time.
To ensure that the most primitive population of long-term engrafting cells could be transduced by using the anti-TGF␤ Ab͞anti-p27 ON strategy, and that the combination of TGF␤ neutralization and p27 reduction, but not TGF␤ neutralization alone, was required to achieve retroviral transduction within a 24-hr period, a second transplantation experiment was done. CD34 ϩ ͞38
Ϫ cells from human bone marrow were precultured on FN in serum-free medium with cytokines, anti-TGF␤ Abs, and missense p27 ON vs. with cytokines, anti-TGF␤ Abs, and antisense p27 ON, for 12 hr. Then LN vector-containing supernatant was added to each culture for an additional 12 hr. At the end of the transduction period, the cells from each arm of the experiment were collected, washed twice, and transplanted into groups of beige͞nude͞xid mice (n ϭ 4), as described (19, 25, 36) . The mice were killed 12 mo after transplantation, and marrow and tissues were analyzed for levels of human hematopoietic cell engraftment and retroviral marking. Human CD45 ϩ cell engraftment levels were equivalent between mice transplanted with cells treated with anti-TGF␤ Ab and anti-p27 ON (12.0 Ϯ 1.9% of the total marrow) and mice transplanted with cells treated with missense p27 ON and anti-TGF␤ Ab (11.5 Ϯ 0.6%). There was an equal distribution of the human hematopoietic lineages (T cell, B cell, myeloid, and progenitors) that had developed in the two groups. Bone marrow samples were analyzed further by neo PCR, inverse PCR, human-specific CFU plating for G418 resistant colonies, and single-cell cloning of individual T cells and myeloid progenitors, followed by inverse PCR as described (2, 25) . Only mice that had been transplanted with human progenitors transduced in the presence of anti-TGF␤ Ab and anti-p27 ON had neo gene-marked human cells in their marrow (Fig. 5) . Marked human cells were not observed in the other tissues, in agreement with previously reported studies (19, 25) . Equivalent numbers of human-specific colonies developed from the bone marrow of the two groups of mice, but G418-resistant CFU grew only from mice transplanted with human progenitors transduced with anti-TGF␤ Ab and anti-p27 ON (average ϭ 9.3% transduction).
To assess further the levels of retroviral vector transduction of the primitive engrafting cells within the CD34 ϩ ͞38
Ϫ population, inverse PCR analysis was done to determine the clonal diversity of the marked cells contributing to hematopoiesis. Both total bone marrow samples and individual T cell and myeloid clones were assessed as described (2, 25) . Total marrow samples had an average of six readily detectable clonal integration patterns, by inverse PCR analysis. By single-cell cloning of human T cells and myeloid progenitors, additional patterns can often be revealed (37, 38) . T cell clones had from four to nine different patterns, proving that multiple unique integration events had occurred (Fig. 6 ), and myeloid clones had an average of six unique patterns, corresponding with the bulk marrow analysis. Retroviral marking of multiple human hematopoietic clonogenic progenitors capable of long-term reconstitution was obtained only by transduction in the combination of anti-TGF␤ Ab and anti-p27 ON. Transduction with anti-TGF␤ Ab alone in a 24-hr period was insufficient Mice were harvested 12 mo after transplantation with human hematopoietic progenitors transduced by two methods: A. 12 hr preincubation on FN in serum-free medium with the cytokines IL-3, IL-6, SCF, and FL, followed by 12 hr with addition of an equal volume of supernatant from the PG13͞LN packaging cell line. B. Identical conditions, but with 5 g of anti-TGF␤ Ab and 50 M anti-p27 ONs added during the preincubation period. The harvested bnx͞hu bone marrow was labeled with human-specific mAb and analyzed by flow cytometry, with 10,000 events acquired for each sample.
FIG. 5. PCR for the neo gene in tissues from recipients of human bone marrow-derived CD34 ϩ ͞38 Ϫ cells subjected to a 24 hr ex vivo transduction period with and without anti-p27 ON. Human CD34 ϩ ͞ 38 Ϫ cells from human bone marrow were precultured on FN in serum-free medium with (A) cytokines, anti-TGF␤ Abs, and antisense p27 ON, or (B) cytokines, anti-TGF␤ Abs, and missense p27 ON for 12 hr. For each group, 1 and 2 refer to individual mice. LN vectorcontaining supernatant was then added for an additional 12 hr. The cells were transplanted into immune-deficient mice. Tissues were harvested 12 mos after transplantation, genomic DNA was isolated, and PCR for the neo gene carried by the LN vector was done. BM, bone marrow; K, kidney; Li, liver; Lu, lung; Sp, spleen. to achieve marking of progenitors that could contribute to long-term human hematopoiesis in the mice.
In summary, the use of cytokines, serum-free medium, and anti-TGF␤ was not sufficient to allow entry of the most primitive engrafting cells within the CD34 ϩ ͞38 Ϫ population to cycle during a 12-hr prestimulation followed by a 12-hr exposure to vector supernatant. Reduction in the levels of p27 through use of antisense ONs in combination with the neutralization of TGF␤ was necessary to allow retroviral marking of a portion of the primitive, engrafting cells in such a short period of time. Primitive hematopoietic progenitors induced into cell-cycle entry by the combination of anti-TGF␤ Ab and anti-p27 ON were transduced by retroviral vectors in a 24-hr period and retained the ability to durably engraft immune-deficient mice with multilineage development. These data are significant, because it has been established that human hematopoietic stem cells differentiate over time in culture, so rapid transduction periods are highly preferable to extended ones. It has been shown previously that cells within the CD34 ϩ ͞38 Ϫ population can be transduced at low levels after 5 days prestimulation in culture (36), but not in shorter periods of time. In the current studies, we have successfully accelerated the entry into cell cycle to accomplish the same outcome within 24 hr, rather than 5 days.
While we have demonstrated an increase in the cell-cycledependent, retroviral-mediated transduction of primitive, engrafting human hematopoietic cells in the current studies, other factors also must be considered, which could improve the levels even more if addressed. For instance, levels of the retroviral receptors RAM-1 and GALV-r have been reported to be very low in the most primitive subsets of hematopoietic cells (39) . Temporary introduction of the genes encoding the receptors could lead to augmented levels of permanent integration of retroviral vector genomes, if coupled with the current strategies (40) . Also, there could be other CDK inhibitors preventing cell cycle in different subsets of the hematopoietic cells that could be reduced to allow larger numbers of the cells to enter cycle.
The current studies provide a method for prompting a portion of the primitive human hematopoietic cells into cycle to allow increased levels of M-phase-dependent, retroviral-mediated transduction within a 24-hr period, without forcing differentiation. Moreover, these studies indicate that TGF␤ and p27 play an important role in cell-cycle entry in primary, quiescent hematopoietic cells. The methods used in these studies represent a significant improvement in the ability to transduce primary, quiescent human hematopoietic stem cells without altering their capacity for subsequent engraftment and lineage development. FIG. 6 . Clonal integration analysis of individual human T cell clones analyzed by inverse PCR. Individual human T lymphoid (CD45 ϩ ͞3 ϩ ) cells recovered from a mouse transplanted with human CD34 ϩ ͞38 Ϫ cells transduced for 24 hr in the presence of anti-TGF␤ Abs and anti-p27 ON were sorted by automated cell deposition into 96-well plates. Clones were stimulated with nontransduced, irradiated allogeneic feeder cells, phytohemagglutinin, and recombinant human IL-2, as described (25) . Human T lymphocytes were expanded individually, then genomic DNA was isolated, and a number of the clones were demonstrated by PCR to contain the neo gene. Clonal integration analysis was then performed (2, 25) . Nine unique patterns are shown, indicating that nine lymphoid progenitors capable of long-term reconstitution in the mice were initially transduced within the CD34 ϩ ͞38 Ϫ population.
